Commercial tannic acid has been used as a substitute for leaves and acorns in studies of oak toxicosis in some species. The toxicity of a commercial tannic acid given orally to calves was determined, and the clinical signs, laboratory findings, and pyrogallol production were compared with those found in calves dosed orally with oak leaves. The oak-fed calves developed the clinical signs and lesions characteristic of renal failure. Proteinuria developed by 48 hours in 1 calf and by 72 hours in the other calf. Both calves developed hematuria on day 4 and glucosuria on day 5. The blood urea nitrogen and creatinine values increased markedly on day 6. Pyrogallol was detected in the serum only at 3 and 6 hours after the calves began ingesting the oak leaves. Pyrogallol was detected in urine from 1 calf until 60 hours and in the other calf until 48 hours after the beginning of oak intake. The 2 calves that were dosed with tannic acid at the same level as found in the leaves fed to the other calves did not develop clinical signs, abnormal laboratory findings, or pyrogallol production. Calves given high levels of tannic acid at doses of 4.4-5.5 g/kg developed methemoglobinemia rather than renal disease. Therefore, commercial tannic acid given orally cannot be used as a substitute for oak in studies of toxicosis in cattle.
The loss of thousands of cattle have been attributed to oak toxicosis. 4 An estimated 2,700 cattle died from oak toxicosis in northern California alone in April 1985. 8 Oak trees and shrubs are found in most countries, as is toxicosis from their leaves and acorns. The toxic principle has not been definitively established but is accepted by many authorities to consist, at least in part, of gallotannins. Most incidents of poisoning occur when cattle ingest immature leaves or freshly fallen acorns, which contain the highest levels of tannic acid. 4 Tannic acid is a hydrolysable gallotannin that undergoes microbial and acid hydrolysis to release phenolics such as gallic acid. 11 Gallic acid is believed to be metabolized to pyrogallol and resorcinol. 6 Studies in which commercial tannic acid has been used as a substitute for fresh plant tannins have produced various results. Tannic acid given orally to monogastric animals, such as rabbits and mice, causes gastrointestinal and liver disease. 11 However, commercial tannic acid given orally to sheep causes methemoglobinemia. 10, 11 The methemoglobinemia is thought to be caused by pyrogallol, which can trigger oxidation of hemoglobin to methemoglobin. 12 Reported clinical signs of oak toxicosis include constipation, diarrhea, mucus and/or blood in the feces, anorexia, depression, discolored urine, roughened haircoat, and tucked-up abdomen. 4, 5, 8 Clinical pathology findings consistent with renal failure have been re-From the California Veterinary Diagnostic Laboratory System, University of California, Davis, CA 95616.
Received for publication June 6, 1996. ported in cattle with oak toxicosis. 5, 8 However, these cattle had been eating oak for days to weeks prior to collection of samples for analysis. Clinical pathology findings in cattle from the time of initial exposure to oak could not be found in the literature. The objectives of this study were threefold. In experiment 1, clinical signs, laboratory findings, and pyrogallol production were monitored in oak-fed calves from the beginning of exposure. In experiment 2, calves were given commercial tannic acid orally at the same dose as ingested by the oak-fed calves. Clinical signs, laboratory findings, and pyrogallol production were compared with those of the calves from the first experiment. In experiment 3, the single oral toxic dose of commercial tannic acid in cattle was determined.
Materials and methods

Animals
Eleven heifer calves, between 73 and 164 kg, were studied. All animals had fully functional rumens and appeared healthy upon physical examination. The calves were maintained on an alfalfa hay diet prior to and during the experiments, except where noted in experiment 1. The alfalfa hay was negative for gallic acid.
Procedures Experiment 1. Immature blue oak (Quercus douglasii) leaves were collected in the spring and frozen for about 6 mo prior to the experiment. The leaves were tested for gallic acid content by gas chromatography/mass spectrometry 9 just prior to beginning the experiment. Gallic acid was chosen as the gallotannin to be measured because it is the precursor · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · sl · · · · · · · · · · · · · · · · · · sl sl sl · · · sl · · · sl .. · · · · · · · · · med med med dk sl · · · · · · · · · · · · · · · med sl sl dk · · · · · · · · · · · · · · · · · · sl · · · sl med · · · · · · · · · · · · · · · · · · · · · · · · sl · · · · · · · · · · · · · · · · · · · · · · · · · · · sl · · · · · · · · · · · · · · · · · · · · · cl cl · · · · · · · · · · · · · · · · · · · · · * sl ϭ slightly brown; med ϭ medium brown; dk ϭ dark brown; cl ϭ cloudy.
of pyrogallol, which was the metabolite of interest in these studies. Two calves (A, B) were matched in size and weight and fed the thawed oak leaves ad libitum. The weight of the leaves consumed was recorded daily. The calves were housed together, and the assumption was made that they each consumed about half of the leaves each day. Blood was collected for complete blood count (CBC) and methemoglobin analysis on days 0-4, 7, and 8 and serum biochemical analysis on days 0-9 and 11. Urinalysis was performed on free-catch urine that was collected on days 0-9. Serum and urine were also collected at variable intervals for pyrogallol analysis by gas chromatography/mass spectrometry using a previously reported method. 9 The calves were euthanized on day 11 and necropsied immediately. Experiment 2. Commercial tannic acid a was analyzed and found to contain 45% gallic acid. The calves in this experiment weighed more than the calves in the first experiment. Therefore, to calculate the proper dose, the amount of gallic acid ingested per kilogram of body weight was calculated for the calves in experiment 1. Two calves (C, D) were dosed daily with equivalent amounts of the tannic acid (mg/kg body weight) on days 1-7. The tannic acid was dissolved in water and administered via stomach tube. CBC, serum biochemistry, and urinalysis were monitored in the calves on days 0, 2, 4, 7, and 9. Serum and urine pyrogallol levels were monitored as in experiment 1. These animals were not euthanized. Experiment 3. Seven calves (E-K) were dosed once via stomach tube with commercial tannic acid dissolved in water. A modified up-and-down dosing procedure 1 was followed. CBC, serum biochemistry, and urinalysis were monitored on days 0, 1, and 2. Methemoglobin was measured at 0, 3, 6, 24, and 48 hr postdosing. Pyrogallol production was monitored at the same intervals as in experiment 1, but ending at 48 hr. These animals were not euthanized.
Results
Experiment 1
Dosing. The oak leaves contained 1,542 ppm of gallic acid. Each calf consumed approximately 1.9 kg, 2.7 kg, 0.9 kg, 1.4 kg, 1.6 kg, 0.7 kg, and 0.2 kg of oak leaves on days 1-7, respectively. The calves refused to eat the oak after day 7.
Clinical signs. Both calves developed moderate constipation on day 2. A small amount of mucus was observed in the feces. The calves became depressed on day 6 and anorectic after day 7. The haircoats appeared roughened and the abdomens had a tucked-up appearance. These clinical signs became more pronounced between days 7 and 11. Urine from calf B was a slightly brown color on day 3, normal on day 4, and cloudy on day 5. Urine from calf A was medium brown on day 2, slightly brown at 60 hours, normal on day 3, and cloudy on day 5 (Table 1) .
Clinical pathology. The CBC results remained normal throughout the experiment. Serum biochemistry values remained normal except for blood urea nitrogen (BUN), creatinine, sorbitol dehydrogenase (SDH), and aspartate aminotransferase (AST) ( Table 2 ). The BUN became elevated on day 6 and continued to increase through day 11 in both calves. Both calves had slightly elevated creatinine levels between days 0 and 5; however, a dramatic increase occurred in creatinine on day 6. SDH became elevated on day 5 for calf A and on day 6 for calf B; however, the levels returned to normal on day 11. AST became elevated in calf A at 24 hours and returned to normal on day 11. Calf B had an elevated AST beginning on day 6, but AST returned to normal on day 9. Urinalysis remained normal except for protein, glucose, and blood ( Table 2) . Urine from both calves had detectable amounts of blood beginning on day 4 and of glucose on day 5. Protein was found in the urine on day 2 for calf A and on day 3 for calf B. Both calves had normal methemoglobin concentrations in their blood throughout the study ( Table 3 ).
Pyrogallol production. Both calves had small amounts of pyrogallol in their serum only at 3 and 6 hours after beginning to ingest the oak leaves (Table  4 ). Calf A had pyrogallol in the urine from 3 to 60 hours after beginning oak ingestion. Calf B had pyrogallol present in the urine from 3 to 48 hours after beginning oak ingestion (Table 4 ). 0.7 1.0 · · · · · · · · · · · · · · · · · · · · · 1.3 1.7 · · · · · · · · · · · · · · · · · · · · · 1.7 1.5 · · · · · · · · · · · · · · · · · · · · · 1.0 1.6 · · · · · · · · · · · · · · · · · · · · · Necropsy findings. Both calves had massive perirenal edema, extensive retroperitoneal edema, marked ascites, and hydrothorax.
Histopathology. Both calves had a severe nephrosis with secondary nephritis (Fig. 1 ). Generalized cortical interstitial edema extended from the inner to the outer cortex with increased severity noted in the outer cortex. Many of the tubules adjacent to glomeruli were dilated and contained no stainable material, whereas others contained either homogeneous or granular pink material. The dilated tubules had low cuboidal, tall cuboidal, or nonexistent epithelium. In the medulla, many of the tubules contained pink, proteinic material and a few contained cellular casts. In the glomeruli, the mesangium had a generalized thickening. Calf B also had a multifocal rumenitis evidenced by accumulations of neutrophils and mononuclear cells in a region between the sratum corneum and stratum spinosum.
Experiment 2
Dosing. Each calf was given 67 mg/kg, 94 mg/kg, 31 mg/kg, 49 mg/kg, 55 mg/kg, 24 mg/kg, and 7 mg/ kg of tannic acid orally on days 1-7, respectively.
Clinical signs. Neither calf developed any abnormalities throughout the experiment.
Clinical pathology. Neither calf developed any CBC, serum biochemistry, or urinalysis abnormalities.
Pyrogallol production. The urine and serum samples did not contain pyrogallol throughout the experiment (Table 4) .
Experiment 3
Dosing. The 7 calves were dosed orally in the following sequence based on grams gallic acid/kg body weight: 2.0 g/kg, 1.0 g/kg, 1.5 g/kg, 2.0 g/kg, 2.5 g/ kg, 2.0 g/kg, and 2.5 g/kg. This dosage schedule was equivalent to giving grams of tannic acid/kg body weight at the following doses: 4.4 g/kg, 2.2 g/kg, 3.3 g/kg, 4.4 g/kg, 5.5 g/kg, 4.4 g/kg, and 5.5 g/kg.
Clinical signs. None of the calves developed abnormal characteristics besides dark-colored blood in the 3 calves that developed methemoglobinemia and variable discoloration of the urine in all calves until 24 hours after dosing (Table 1) .
Clinical pathology. All calves had normal CBC, urinalysis, and serum biochemistry parameters throughout the experiment. Both calves dosed with 2.5 g/kg of gallic acid developed significant methemoglobinemia at 24 hours after dosing. One of the 3 calves dosed at 2.0 g/kg of gallic acid developed methemoglobinemia at 24 hours after dosing (Table 3) .
Pyrogallol production. Pyrogallol was present in serum and urine from all of the calves beginning at 3 hours after dosing (Table 4 ). Serum pyrogallol could be detected until 12-24 hours after dosing. Pyrogallol could be detected in the urine until 24-48 hours after dosing.
Discussion
Lesions associated with oak toxicosis differ with species of animal. Monogastric animals primarily develop liver and/or gastrointestinal lesions. 2, 7, 11 The main organ affected in ruminants is the kidney. The Table 4 . Pyrogallol concentrations (ppm) in serum and urine from calves dosed orally with a single dose of tannic acid (TA), oak leaves over 7 days, or low doses of TA over 7 days. The method detection limit was 0.5 ppm. · · · · · · · · · · · · J 2.5 serum urine 
ND ND
· · · · · · · · · · · · * ND ϭ not detected. † Gallic acid equivalent.
Figure 1.
Section of calf kidney with marked interstitial edema (E) and hemorrhage (H). The tubular epithelium is undergoing degeneration and necrosis. Some tubules contain proteinic material (P) and cellular casts (C). Minimal inflammatory cell infiltrate is present. Hematoxylin and eosin, 130ϫ. oak-fed calves in the present study developed gross and histopathologic lesions consistent with those previously reported. 4, 8 Therefore, it can be assumed that they also developed typical clinical signs and laboratory abnormalities.
Constipation was the first clinical sign observed in the oak-fed calves, appearing at day 2. Constipation was determined by the presence of darkened, hardened feces in the rectum and on the ground. Neither animal exhibited any straining behavior prior to or during defecation. The next clinical sign observed was the brown-colored urine at 2-3 days that lasted Ͻ24 hours. In the calves given single doses of tannic acid, the urine discoloration occurred earlier and was more pronounced with higher doses of tannic acid. The calves were not depressed until day 6, and very noticeable clinical signs began on day 7, with signs worsening until euthanasia.
These observations are relevant to the cattle owner because oak toxicosis occurs most often in cattle kept on rangeland. 4 Constipation, as seen in these calves, could easily be missed by the casual observer. The discolored urine is transient and could also easily be missed. Therefore, cattle suffering from oak toxicosis may have significant renal disease before clinical signs are readily noticeable. Cattle with access to oak should be watched carefully for the early clinical signs.
In these oak-fed calves, the order of appearance of abnormalities in the urine was protein, blood, and then glucose. All of these preceded the sharp rise in BUN and creatinine on day 6. The urine specific gravity for both of the animals began at 1.026 and had decreased by day 9 to 1.013-1.014, which is still above the isosthenuric range of 1.008-1.012. 3 The increase in AST and SDH with normal alkaline phosphatase, gamma glutamyl transpeptidase, and bilirubin can indicate that hepatocellular necrosis occurred without cholestasis. However, liver disease was not detected with light microscopy.
Studies have been done over several decades by various researchers regarding the mechanism of oak toxicosis. Originally, tannins were the suspected toxin of oak toxicosis. In a 1919 study, oak toxicosis could not be reproduced in cattle that were dosed with tannic acid and another toxin was assumed to exist in oak. 2 However, later researchers reported that the dose of tannic acid used in that study was much smaller than would be expected to be ingested by cattle consuming oak. 2 In the 1960s, rabbits dosed orally with tannic acid, gallic acid, and pyrogallol exhibited the same gastritis and organ congestion reported in rabbits fed oak or tannin derived from oak. 2, 7 Even though the histopathology of these animals was not evaluated, these findings indicated that the oak tannins and/or their metabolites may be involved in toxicosis in monogastric animals. 2 However, tannic acid does not appear to have the same effect on ruminants as does oak. Sheep dosed orally with tannic acid did not develop renal disease. 11 In the present study, calves dosed orally with tannic acid (multiple low doses or single high doses) did not have any of the laboratory abnormalities or clinical signs seen with oak-fed calves. Therefore, commercial tannic acid given orally should not be used as a substitute for oak in studies of oak toxicosis in cattle.
Sheep developed methemoglobinemia by 32 hours after dosing when given 8 g/kg of tannic acid orally. 11 The calves in the present study developed methemoglobinemia by 24 hours after dosing when given 4.4-5.5 g/kg of tannic acid orally. Phenolics, such as pyrogallol, oxidize oxyhemoglobin to methemoglobin in vitro. Also, methemoglobinemia occurs in cats given intraperitoneal injections of pyrogallol. 11 Therefore, pyrogallol, a tannic acid metabolite, may be the cause of methemoglobin in these calves. However, the level or persistance of serum pyrogallol did not correspond with methemoglobin production in the calves given single high doses of tannic acid. Likewise, the level or timing of urine pyrogallol did not correspond with methemoglobin production in calves given single high doses of tannic acid.
The oak-fed calves had detectable levels of pyrogallol in their serum only at 3 and 6 hours after beginning ingestion of the oak leaves. Urine pyrogallol was detected in 1 calf until 48 hours and in the other calf until 60 hours after the beginning of oak intake. Pyrogallol could no longer be detected in serum or urine after this time even though the animals continued to ingest the leaves. Pyrogallol had disappeared from these samples before the appearance of most clinical signs or abnormal clinical pathology findings. Furthermore, pyrogallol was present in higher levels and for longer periods of time in the calves that were given single high doses of tannic acid but that did not display evidence of oak toxicosis. Therefore, pyrogallol in serum or urine was not a useful indicator of oak toxicosis.
